In a differential display screening for genes regulated by retinoic acid in the developing chick limb bud, we have isolated a novel gene, termed rigf, retinoic-acid induced growth factor, that encodes a protein belonging to the vascular endothelial growth factor (VEGF) family. Rigf transcripts were found in the posterior region of the limb bud in a region-specific manner as well as in other embryonic tissues and regions, including the notochord, head and trunk mesenchyme, retinal pigment epithelium, and branchial arches. Several manipulations revealed that retinoic acid and sonic hedgehog signaling pathways regulate rigf expression in the limb bud. VEGF family members, which promote the migration, differentiation and proliferation of endothelial cells in both blood and lymphatic vessels, are important factors for the formation of blood and lymphatic vasculatures during development. We demonstrated that the anterior border of the rigf expression domain in the limb bud corresponds with the position of the primary central artery (the subclavian artery in the forelimb), which is a main artery for supplying blood to the limb. These observations taken together with results from some experimental manipulations suggest that the limb tissue attracts blood vessels into the limb bud and that rigf is involved in the pattern formation of blood vessels in the limb. q
Introduction
Limb morphogenesis includes complex and multiple processes, and normal limb development requires the formation of not only a correct skeletal pattern but also accurate patterns of muscles, nerves, tendons, blood vessels and so on. Cells that compose muscles, nerves, and blood vessels are derived from the trunk and migrate into the limb bud. Correct migration and prearranged positioning of these cells for the final patterns of tissues are sometimes mediated by interactions between migrating cells and the limb tissue. For instance, the limb skeletal muscle that originates from dermomyotome, a derivative of the somite, can be newly arranged by the limb primordium implanted in the flank region, suggesting that limb mesenchyme attracts muscle progenitor cells to migrate into the limb bud (Hayashi and Ozawa, 1995) . HFG/SF, a ligand of the c-Met receptor tyrosine kinase that is expressed in the limb mesenchyme, controls delamination and migration of muscle precursor cells from dermomyotome into the limb bud (reviewed by Birchmeier and Brohmann, 2000; Brand-Saberi et al., 1996; Heymann et al., 1996; Scaal et al., 1999) . Some Hox genes are expressed in populations of muscle progenitor cells, correlating with muscle patterning of the limb bud (Yamamoto et al., 1998) , and such specific Hox gene expressions are activated and maintained by signals including HGF/SF from the limb mesenchyme (Hashimoto et al., 1999) .
While muscle patterning in the limb has been extensively studied at the molecular level as described above, little is known about molecular mechanisms underlying the pattern formation of blood vessels despite the fact that there has been a considerable number of studies on their differentiation, growth and migration. In the vascular system of the limb bud, endothelial precursors of blood vessels originate mainly from the paraxial mesoderm (Pardanaud et al., 1987) , and they migrate into the limb bud and form a basket-shaped capillary network (see Fig. 5A ). The limb bud has an avascular zone in the peripheral area, and this avascular zone appears to be maintained by the inhibitory effect of the limb ectoderm (Feinberg and Noden, 1991) . Mesenchymal condensation for the formation of cartilage in the limb also affects blood vessel formation, resulting in local regression of blood vessels from regions where cartilaginous condensation occurs thereafter (Hallmann et al., 1987) . Although these studies suggest that limb bud tissue has important roles on the vessel patterning, molecular mechanisms of blood vessel formation in the limb bud are poorly understood.
Experimental manipulations to create limb duplication are striking assay systems to gain insights into the normal patterning of a limb bud because a new pattern of a limb can be generated under the control of an artificial operation. For example, the application of FGFs into the flank region between the forelimb and the hindlimb induces the formation of an additional limb that consists of a set of cartilage, muscle, and nerves, and this finding subsequently led to a recent understanding of how the limb bud is initially formed, how the limb position is determined, and how limb identity is specified (reviewed by Ohuchi and Noji, 1999) . Supernumerary limbs induced by an implanted ZPA (zone of polarizing activity) fragment are also composed of well-organized muscle, nerves, and blood vessels as well as skeletal elements, all of which have a mirror-imaged duplication along the anterior-posterior axis of the limb. The results of ZPA implantation experiments led to the identification of Shh (Sonic hedgehog), a gene expressed in the ZPA region, as a key molecule for the anterior-posterior patterning during limb development (Riddle et al., 1993) . Retinoic acid (RA) can mimic the function of the ZPA and induces the formation of a posterior digit pattern depending on the concentration (Tickle, 1981; Summerbell, 1983) . Analyses of molecular events controlled by RA have contributed to an understanding how the normal limb pattern is organized. Applied RA induces an additional ZPA (Tamura et al., 1993) and an ectopic expression of Shh (Riddle et al., 1993) , and moreover, endogenous RA is required for region-specific expression of Shh in the limb bud (Helms et al., 1996) and for the establishment of the endogenous ZPA (Lu et al., 1997) . Indeed, analyses of the relationships between RA and other molecules, including Shh, hoxb8, Meis, cux and dHAND, have provided information on various aspects of the molecular basis of limb development (Riddle et al., 1993; Helms et al., 1996; Mercader et al., 2000; Fernandez-Teran et al., 2000; Tavares et al., 2000) .
We have attempted to identify novel genes regulated by RA in the developing limb bud and have successfully cloned a gene, named chick rigf (retinoic acid-induced growth factor), that encodes a member of vascular endothelial growth factor (VEGF) family. VEGF is an essential factor for proliferation, differentiation and migration of endothelial cells during vascular development (for a review; see Poole et al., 2001) . VEGF is also known to be a vascular permeability factor (VPF, Keck et al., 1989; Connolly, 1991) . The VEGF family includes VEGF, VEGF-B, VEGF-C and VEGF-D/FIGF. VEGFs perform their functions by interacting with high-affinity receptor tyrosine kinases (VEGFRs). VEGF binds VEGFR-1 and VEGFR-2, whereas VEGF-B binds only VEGFR-1 Shibuya, 1995) . VEGF-C and VEGF-D/ FIGF, ligands of VEGFR-2 and VEGFR-3 (Achen et al., 1998; Joukov et al., 1998 and references therein) , are thought to play important roles in the development and growth of lymphatic vasculature (lymphangiogenesis, see Karkkainen et al., 2001 for a review) via VEGFR-3 that is mainly expressed in the lymphatic vessels during mouse development (Kaipainen et al., 1995; Kukk et al., 1996) . In this paper, we report the isolation and characterization of an avian gene for a putative novel growth factor, RIGF that is closely related to VEGF-D/FIGF. We also describe the gene expression profile of rigf during development and relationships with other molecules such as RA and Shh, and, furthermore, we demonstrate that the boundary of the chick rigf expression is correlated well with the route that the primary central artery traces in the limb bud.
Results

Isolation and characterization of chick rigf
To identify novel genes regulated by exogenously applied RA in the developing limb bud, we performed a differential display RT-PCR, comparing genes differentially expressed in the RA-applied anterior (a in Fig.  1A ), the control anterior (b in Fig. 1A) , and the posterior (the ZPA) tissues ( c in Fig. 1A ) of the chick limb bud. Northern blot analysis confirmed that one of differentially expressed clones indeed exhibited high levels of expression in the posterior side (Fig. 1B) . Since the original clone did not contain an open reading frame, we cloned a 5 0 upstream sequence of the gene by the 5 0 RACE method.
The full-length sequence of the cDNA, which was created from the original PCR clone and the 5 0 RACE clone, was composed of ,2.1 kb, which was expected from the result of Northern hybridization (Fig. 1B) , and it had an open reading frame encoding a predicted protein of 354 amino acids. Blast protein searches for this gene product showed high homology with mouse, rat and human FIGF (cfosinduced growth factor), which is a member of the VEGF family and is also called VEGF-D. Therefore, the novel gene we found was named chick rigf, an acronym for chick retinoic acid-induced growth factor, after mouse figf. The deduced amino acid sequence of the RIGF protein had a signal peptide (cleavage site is at the position 21, indicated by an arrowhead in Fig. 1C ) and a PDGF/VEGF consensus sequence at positions 138-151 (boxed area in Fig. 1C) .
Comparison of the predicted amino acid sequence of chick RIGF with mouse, rat and human FIGF (Fig. 1C) showed a high level of sequence conservation (asterisks in Fig. 1C ): 64% identity between chick and human and 65% between chick and mouse. Phylogenetic tree comparisons of FIGF, RIGF, VEGF-C and VEGF proteins in vertebrates revealed a clustering relationship of FIGF and RIGF (Fig.  1D ).
Spatio-temporal expression pattern of chick rigf during embryonic development
The expression of rigf during chick limb development was analyzed by in situ hybridization. Rigf expression was detected in the posterior half of the hindlimb bud at stage 18 when the limb bud emerges from the lateral region of the embryonic body ( Fig. 2A, B) . As limb development proceeded, the expression became evident at the posterior half both in the forelimb and hindlimb buds ( Fig. 2C-F) . Rigf transcripts were found in the posterior limb mesenchyme, and ectodermal cells, including AER cells, were negative for rigf (Fig. 2G) . By stage 26, the expression of rigf in the limb bud became weaker (Fig. 2F ), and it disappeared by stage 28 (data not shown).
The expression profile of mouse figf has been described (Avantaggiato et al., 1998) . They reported that mouse figf is expressed in the developing limb bud, but there was no mention of the spatial expression domain, probably because in situ hybridization was performed only on sections. Therefore, we investigated the expression pattern of mouse figf by whole-mount in situ hybridization to compare it with the expression of chick rigf ( Fig. 2H-K) . We detected figf signals in the mouse limb bud, and the expression domain was distal in an early stage (E10.5, Fig. 2H, I ) and anterior in a later stage (E11.5, Fig. 2J , K). Mouse figf could also be found in the other regions, including the nasal process and branchial arches (Fig. 2H , J), as was reported previously (Avantaggiato et al., 1998) . Judging from the expression pattern, we cannot conclude that rigf is a chicken homologue of mouse figf, and it is possible that mouse figf and chick rigf encode different molecules that have relatively high similarity each other and may not have similar role(s). We further examined the region in which rigf is expressed during development by in situ hybridization using chick embryos at various developmental stages (Fig. 3) . At stage 10, rigf transcripts were detected in the head mesenchyme ( Fig. 3A1) and notochord (Fig. 3A2) . In early-stage embryos, high levels of expression persisted through until at least stage 15 in the head mesenchyme and posterior portion of the notochord developing and progressing caudally (Figs. 3A2, B2 , C2, D2). The expression in the head mesenchyme continued until stage 25 as shown in Fig. 3H . In later-stage embryos (stage 25), rigf appeared to be expressed by populations of the trunk mesenchyme (Fig. 3E ), but the notochord as well as the neural tube and dorsal root ganglia was negative for rigf. Other regions in which rigf transcripts were detected include branchial arches (Fig. 3H, I ), the dorsal-most region of the diencephalon (Fig. 3H, J) and the retinal pigment epithelium in the eyes (Fig. 3H, K) .
Regulation of rigf expression during limb development
Rigf was identified as a gene regulated by exogenous RA (see Fig. 1 ). To determine whether this gene expression is indeed regulated by RA signaling, we examined the regulation of rigf by RA, a retinoid receptor antagonist and Shh. We also compared the expression change of rigf caused by RA with that of hoxd12, which is known to be in a downstream of RA and Shh signaling in the developing limb (Izpisua-Belmonte et al., 1991; Riddle et al., 1993; Power et al., 1999) , because we have noticed similarity in the expression domains of rigf and hoxd12 (compare Fig. 4A , C). Both hoxd12 and rigf expression was upregulated when RA was applied anteriorly (Fig. 4B, D ). It appears to take more than 12 h to induce both rigf and hoxd12 since in samples after 12 h expression of these genes were not upregulated (data not shown). The upregulated domain of hoxd12 had an apparent boundary and was restricted to the anteriorly enlarged region of the limb bud (Fig. 4D) , and rigf was also highly induced in the enlarged region (Fig. 4B) . The application of Shh protein also resulted in the upregulation of rigf, but the ectopic expression of rigf was induced within 12 h after bead application (Fig. 4E) . The reason why RA needed more hours to induce rigf than Shh does may be because RA first induces Shh and then induces rigf via shh. The results of a complementary experiment in which endogenous RA signaling was inhibited by using the specific RA antagonist AGN 193109 (Johnson et al., 1995; Kochhar et al., 1998; Tsukui et al., 1999; Tavares et al., 2000) showed that the expression levels of both rigf (Fig. 4F) and Shh (Fig. 4G ) in the limb bud were reduced. Taken together with the fact that endogenous RA is required for Shh expression (Helms et al., 1996; Stratford et al., 1996) , these data suggest that endogenous RA signaling in limb development regulates rigf expression and that the regulation is mediated by Shh.
Relationships between vascular pattern, limb tissue, and rigf expression in the limb bud
Then, what is the significance of the posterior-specific expression pattern of rigf in the developing limb bud? We speculated that rigf may plays a role in the formation of a vessel pattern to position blood vessels appropriately in the limb bud. A forelimb bud in the early stages of development has a well-organized and basket-shaped pattern of blood vessels (Fig. 5A ) in which the subclavian artery (the primary central artery) is located at the center (arrowheads in Fig.  5A ). The subclavian artery grows and progresses distally in the central region of the forelimb bud, and at later stage, it is located on the ventral side of humerus, between the radius and ulna and toward the space between digit 2 and digit 3 (see a review by Caplan, 1985) . The hindlimb bud has a similar pattern of blood vessels, including the primary central artery in the center (arrowheads in Fig. 5B ).
To gain insights into the relationship between the expression of rigf and the position of the primary central artery, we first performed whole-mount in situ hybridization for rigf after visualizing the blood vessels by ink injection. The anterior boundary of the rigf expression domain coincided well with the position of the subclavian artery (Fig. 5C) . In order to verify the coincidence, we further examined the distribution of endothelial cells in the limb bud using a QH-1 antibody and compared it with the expression domain of rigf on sections (Fig. 5D-F) . We stained the section with QH-1, an avian endothelium-specific antibody, and found that the hole shown in Fig. 5D was a vessel surrounded by QH-1-positive cells, indicating its identity as the subclavian artery (Fig. 5E ). In a neighboring section shown in Fig. 5D , E rigf expression was found to be located in the posterior half of the forelimb bud (on the right side of the dotted line in Fig. 5F ). A comparison of the position of the subclavian artery in Fig. 5E with the expression of rigf in Fig. 5F clearly showed that the subclavian artery was located at the boundary between the rigf -positive and -negative regions in the forelimb bud.
The subclavian artery is branched into the supernumerary forelimb bud when a ZPA fragment is implanted anteriorly (Caplan, 1985) . We compared the expression domain of rigf with the supernumerary subclavian artery bifurcated by a ZPA implantation. As expected, the boundary of rigf expression and the route of the supernumerary subclavian artery coincided well (Fig. 6A) . We next examined the position of the primary central artery in the additional limb bud induced by FGF at the flank region. After FGF-releasing beads were implanted into the flank region at the level of 24th to 26th somites of stage 13 embryos, the vasculature in the additional limb buds were observed by ink injection. A thick blood vessel was observed in the additional limb bud ( Fig. 6B-D ; indicated by red arrowheads). Based on the direction of the flow of ink, we classified this blood vessel into an artery. This thick artery appears to correspond to the primary central artery in normal limb buds because there was no other thick artery was found in the additional limb buds. The expression domain of rigf in the additional limb bud was always at the anterior half (Fig. 6B-D) since the anterior-posterior axis in the FGF-induced limbs in the flank has been known to be reversed (Cohn et al., 1995; Vogel et al., 1996; Takahashi et al., 1998) . The induced extra primary central artery originated from an arch of intersomitic space and entered the additional limb bud at the boundary of the rigf expression domain (Fig. 6B) . In all specimens we observed, the extra primary central artery ran along the posterior margin of the rigf expression domain in the additional limb bud (Fig. 6C) . In some samples that had an additional limb bud fused with the hindlimb bud, a thick artery from the hindlimb region ran toward the super- numerary limb bud and turned distally at the edge of the rigf expression domain (Fig. 6D) . These results demonstrated that the limb blood vessels could be newly arranged by the limb primordium induced in the flank region, indicating that limb mesenchyme and/or ectoderm promotes endothelial progenitor cells to migrate into the limb bud. Furthermore, coincidence of the boundary of the rigf expression domain and the position of the primary central artery in the additional limb bud suggested that rigf may be involved in the patterning of blood vessels in the developing limb bud.
Discussion
Rigf codes for a new avian member of the VEGF family
In this study, we identified a new gene, rigf, as an RAinducible gene that has posterior-restricted expression in the developing chick limb bud. This gene encodes a member of VEGF, closely related to FIGF (VEGF-D) in mammals. The high degree of similarity between RIGF and FIGF (64% between human and chicken, 65% between mouse and chicken and 84% between mouse and human; see Fig. 1C and see also Rocchigiani et al., 1998) and the fact that RIGF and FIGF belong to the same subfamily of VEGF (Fig. 1D) suggest that rigf is a chicken ortholog of figf. However, the different expression patterns of chick rigf and mouse figf (Figs. 2 and 3 ) suggest diverged functions of these members according to the species. We rather suggest rigf as a new VEGF member distinct from mouse figf.
Mouse figf was originally cloned as a c-fos-induced growth factor by using an mRNA differential screening of fibroblasts differing in the expression of c-fos (Orlandini et al., 1996) . FIGF has an angiogenic activity (Marconcini et al., 1999) , recognized by VEGF receptors, VEGFR-2 and VEGFR-3 (Achen et al., 1998) . During development in the mouse, figf is expressed in several organs, including limb buds, heart, lung, kidney, teeth, brachial arches and pituitary (Avantaggiato et al., 1998 , and see Fig. 2H-K) , suggesting that it has functions on angiogenesis and vasculogenesis in various organs during embryogenesis. The unique expression domain of chick rigf, different from that of mouse figf (Figs. 2 and 3) , suggests that rigf may play distinct roles in a variety of organogeneses. Since all VEGF family members function essentially for angiogenesis during development, the function of rigf might be related to angiogenesis. However, some expression domains of rigf imply additional roles in development, other than angiogenesis. For example, rigf is transiently expressed in the caudal part of the notochord (Fig. 3A-D) . This intriguing expression pattern of rigf suggests that rigf may have functions other than in angiogenesis since the caudal part of the notochord appears to have no peculiar vascular formation. Interestingly, FIGF has autocrine mitogenic and morphogenic effects on fibroblasts (Orlandini et al., 1996) . Thus, the biological function of VEGFs may not be limited to angiogenesis, and VEGFs may also regulate embryonic development, influencing on the formation of several embryonic structures (Marconcini et al., 1999) .
Expression of rigf in the limb bud is regulated by the RA and Shh signaling pathways
It is interesting that rigf is expressed in the posterior half of the developing chick limb bud since the position-specific expression of a gene is suggestive of its involvement in pattern formation there. It is also noteworthy that the posterior-restricted pattern of rigf in the limb bud resembles the expression domain of hoxd12 as shown in Fig. 4A , C. Dynamic nested expression of hoxd genes, including hoxd9, 10, 11, 12 and 13, seems to provide positional values (values by which cells recognize where they are and what their contribution will be to the final structure) in the limbs (for a review; see Tabin, 1995) . Gene-targeting analyses of hoxd12 have confirmed that they play essential roles in the formation of a limb pattern (Davis and Capecchi, 1996; Kondo et al., 1996) . Rigf may cooperates with hoxd genes to regulate limb pattern formation. Our finding that rigf is regulated by Shh protein (Fig. 4E ) and the fact that Shh regulates hoxd expression in the limb bud (Riddle et al., 1993; Nelson et al., 1996) together suggest that rigf may be a downstream target of Shh and regulated by hoxd12. Alternatively, Shh may independently regulate hoxd12 and rigf through different signaling cascades. In the present study, we also found that rigf expression is regulated by RA signaling. RA signaling is known to be required for the establishment of the ZPA (Helms et al., 1996; Lu et al., 1997; Stratford et al., 1996) at which Shh is exclusively expressed. These facts together with our results showing that both rigf and Shh were downregulated upon blocking of the RA signaling suggest that RA regulates rigf expression via the Shh signaling pathway.
Function of limb tissue for attracting blood vessels and possible contribution of rigf
In the developing limb bud, the basket-shaped vasculature includes a distinctive blood vessel, the primary central artery (the subclavian artery in the forelimb) in the center (see Fig. 5A , B and for a review, Drushel et al., 1985) , which is the main blood vessel supplying blood to nourish the limb bud. The subclavian artery of the forelimb originates from the seventh branch of the segmental artery (Carlson, 1996) at the 18th branch of the shoulder arch of intersomitic space and mainly distributes blood to the forelimb (for a review, Caplan, 1985) . For appropriate circulation of blood in the forelimb, the formation of a fixed pattern of blood vessels including the appropriate positioning of the subclavian artery is necessary (Bavinck and Weaver, 1986) . As seen in patterning of muscle (Yamamoto et al., 1998) and in wellpatterned innervation (Munoz-Sanjuan et al., 2000 , and references therein) in the limb, it is assumed that the vascu-lar pattern in the limb, including the fixed position of the primary central artery, is established as a result of pattern formation during limb development. We showed that the additional limb induced in the flank region possesses a well-organized vascular pattern and the primary central artery at the center of the limb. Thus, it is likely that endothelial progenitor cells in the flank region are plastic and can migrate into the additional limb attracted by a cue(s) from the limb bud. The vasculature in the additional limb has a primary central artery in the center of the limb, suggesting that the limb tissue regulates the positioning of the primary central artery.
Based on the posterior-restricted expression of rigf in the limb bud and its possible function in angeogenesis, we hypothesize that rigf acts on pattern formation of blood vessels in the limb. This hypothesis is supported by the data demonstrating a mutual coincidence between the position of the primary central artery and the border of the rigf expression domain in normal (Fig. 5) and additional ( Fig. 6 ) limb buds. These data suggest that rigf plays a role in positioning the primary central artery, but we have little direct evidence confirming the role of rigf in pattern formation of blood vessels in the limb, because overexpression of rigf has no detectable effects on the primary central artery and other blood vessels (data not shown). Therefore, it is still possible that their colocalization may be coincidental. In order to obtain more direct evidences, loss-of-function assays will be helpful. Although molecular mechanisms for patterning of the blood vessels in a limb bud are still not clear, Shh signaling pathway might be involved in this event. A recent study (Pola et al., 2001 ) revealed a role for Shh as an indirect angiogenic factor regulating expression of multiple angiogenic genes including VEGF. Taken together with the fact that Shh is a potent morphogenic factor regulating embryonic patterning, it is possible that Shh signaling may be involved in vascular patterning.
Materials and methods
Differential display RT-PCR, cDNA cloning and northern blot analysis
Chicken and quail embryos were staged according to Hamburger and Hamilton (1951) (HH stage) AG1-X2 ion exchange beads soaked in 500 mg/ml all-trans retinoic acid (RA, Sigma) or control beads soaked in phosphate-buffered saline (PBS) were implanted in the anterior margins of stage 20 limb buds as described previously (Tamura et al., 1990) . The bead-implanted limb buds were harvested after 24 h and dissected into three fragments, RA-treated anterior fragments, control anterior fragments, and posterior fragments (Fig. 1A) .
Total RNA was extracted using an RNeasy total RNA extraction kit (Qiagen Inc.). Total RNA was treated with DNase I to avoid genomic DNA contamination before differential display was performed with an RNA Image Kit (GenHunter). After reverse-transcription with Super Script II reverse-transcriptase (Gibco BRL), PCR using 16 arbitrary primers (H-AP49 through H-AP56) and [a-32P]dATP was carried out in a Thermal Cycler 9600 (Perkin-Elmer) at 948C for 30 s, 408C for 2 min, and 728C for 30 s for 40 cycles. The resulting PCR products were subjected to 6% denaturing polyacrylamide gel electrophoresis. The gels were dried and exposed to X-ray film (Fuji) overnight. Each reaction was performed in duplicate from independent RNA sample preparations. Only reproducible differentially expressed bands were excised and eluted through a 2% agarose gel in TAE buffer. Eluted DNAs were precipitated with 100% ethanol in the presence of 3 M sodium acetate and 10 mg/ml glycogen as a carrier. Reamplification was carried out using the same primer set and PCR conditions, except that the dNTP concentrations were 20 mM instead of 2 mM and no isotope was added. The reamplified PCR products were run on agarose gels to see if their sizes were consistent with those seen on the original gel electrophoresis. The reamplified cDNA fragment was extracted from the agarose gel, cloned with a TA cloning kit (Invitrogen), and sequenced with an automated sequencer (Hitachi). 5 0 -RACE was performed using a 5 0 -RACE system (Gibco BRL). The original rigf sequence from the differential display isolate was used to design gene-specific primers. The full-length cDNA sequence was obtained by overlapping sequences derived from 5 0 -RACE and the original differential display sequence. Sequence analysis and comparison were performed using the software DNASISMac, version 3.0 (Hitachi Software engineering Co., Ltd.). The GeneBank accession numbers of the protein sequences used in the alignment are: quail VEGFa, P52582; quail VEGFc, CAA75799; human VEGFc, NP_005420; rat VEGFc, NP_446105; mouse VEGFc, NP_033532; rat FIGF, NP_113949; mouse FIGF, NP_034346; and human FIGF, NP_004460. Total RNA was extracted from anterior and posterior parts of limb buds of stage 23-25 chick embryos using an RNeasy total RNA extraction kit (Qiagen Inc.). Total RNA was size-fractionated on a 0.7% agarose/2.2 M formaldehyde gel and transferred onto a nylon membrane (positive charged, Roche). A digoxigenin (DIG)-labeled antisense riboprobe was synthesized from a plasmid containing the original DD-RT-PCR fragment of chick rigf cDNA, according to the manufacturer's instructions (Roche). The positive signal was detected by ECL detection kit (Amarsham Pharmacia Biotech) and analyzed using a Molecular Imager System (GS-525, Bio Rad).
In situ hybidization and immunohistochemistry
The DIG-labeled riboprobe for chick rigf was made from the 5 0 -RACE clone of chick rigf. For mouse figf, we cloned a partial sequence for mouse figf encompassing nucleotides 244-1407 of mouse figf (GeneBank accession number, X99572) amplified by RT-PCR in a TA vector (Invitrogen) and used it for the probe. Whole-mount and section in situ hybridization were carried out as described previously (Yonei et al., 1995; Ishii et al., 1997) . In the case of inkinjected embryos for comparing chick rigf expression with blood vessel pattern, the stained embryos were cleared in glycerol. For QH1 staining, which is specific for quail hematoendothelial cells (Pardanaud et al., 1987) , quail embryos were fixed in 4% paraformaldehyde/PBS, immersed in 10 and 20% sucrose/PBS, embedded in O. C. T. compound (Sakura), frozen, and sectioned in a cryostat. Immunohistochemistry was performed essentially as described previously . Briefly, sections were incubated overnight at 48C in a 1:500 dilution of QH1 (Developmental Studies Hybridoma Bank, Iowa City, IA). Three 10 min washes in PBS were followed by incubation with a fluorescein-conjugated goat anti-mouse secondary antibody (Tago Immunologicals) at a 1:60 dilution for 2 h at room temperature, and then washed three times for 10 min each in PBS, sealed with glycerol containing 0.1% p-phenylenediamine, and photographed under an Olympus fluorescence microscope.
Experimental manipulations and ink injection
For the ZPA implantation, stage 20 recipients and stage 22 donors were used. A small piece of the ZPA fragment was grafted into a slit under the anterior AER without removing the host tissue (Tamura et al., 1993) . Procedures for bead implantations were described previously: RA (Tamura et al., 1990) , RA receptor antagonist (AGN 193109, Tavares et al., 2000) , Shh (Takahashi et al., 1998) , and FGF4 .
Embryos ranging from HH21 to HH27 were used for the injection of India ink into the aorta. Embryos were injected with a 1:5 dilution of India ink (Feinberg et al., 1986) , excised, and fixed immediately in 4% paraformaldehyde. Injections were made with a pulled microcapillary pipette into the neck region of the dorsal aorta. Embryos were cleared and stored in glycerol.
